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Abstract

Parts manufactured by wire arc additive manufacturing (WAAM) are charac-

terized by a peculiar surface morphology, namely, surface waviness, that nega-

tively affects the fatigue performance. To exploit the full potential of WAAM

and minimize the need for postproduction work, it is crucial to utilize the com-

ponents in the as-built state. This is because conventional machining tech-

niques, typically employed for postprocessing operations, severely curtail the

freedom of geometry of the components. This study focuses on an experimen-

tal and numerical characterization of the notch effect of the surface waviness

for an AISI 308 LSi stainless steel. This is done by quantifying the fatigue notch

factor in a probabilistic fashion, considering the results of ad-hoc designed

fatigue tests. A finite element model is developed by considering a 3D scan of

the geometry of WAAMed plates, allowing to determine the theoretical stress

concentration factor. The fatigue notch factor is also estimated from the

numerical model by making use of the gradient correction according to the

FKM guidelines. To validate the numerical approach, test data produced for

different testing conditions are correlated by using the local stress approach,

showing that classical methods are also applicable to additive manufactured

parts.
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1 | INTRODUCTION

Additive manufacturing (AM) is an increasingly utilized
production technology in many industrial sectors.1 Wire
arc additive manufacturing (WAAM) is a direct energy
deposition technique that uses arc welding to manufac-
ture components of various shapes. WAAM is currently

applied in several industrial sectors, for example, aero-
space, automotive, construction, and marine.2–5 It com-
bines great design freedom with high production rates,
thanks to higher deposition rates as compared to other
metal AM processes. WAAM is based on the successive
deposition of weld beads onto each other resulting in
a layered structure.6 Generally, AM is considered
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advantageous in terms of material usage since it can
effectively reduce waste for complex geometries. How-
ever, for structural applications, it is relevant to under-
stand the effect of the as-built surface on fatigue failure.
This is because the quality of the surface plays a relevant
role in crack initiation.7 Due to the layer-by-layer deposi-
tion of weld beads, the surface irregularities of WAAMed
structural elements, hereafter referred to as surface wavi-
ness, are affected by the process parameters.8 Several
studies are devoted to the improvement of the surface of
WAAMed components by different methods,8 including
machining9 and rolling.10

To utilize WAAMed components in the as-built con-
dition as much as possible, the effect of the as-built sur-
face on the structural integrity of WAAMed components
is of relevance. Hence, there is a need for minimizing
additional, expensive, and time-consuming manufactur-
ing steps, such as surface treatments or material removal
processes, leading to several studies focusing on the
structural integrity of WAAMed components. In some
studies, this has been approached considering that the
material has internal defects due to manufacturing. For
example, in Biswal et al,11 the effect of pores on the
fatigue strength of a WAAMed Ti-alloy has been studied
and explained in terms of fracture mechanics. These
studies extend beyond WAAMed components and are
generally applicable to other AM processes, such as pow-
der bed fusion,12 and selective laser melting.13

Considering the high-cycle fatigue regime, in the
absence of superficial defects, such as lack of fusion and
cold cracks, crack initiation at the surface is potentially a
dominant failure mechanism as compared to crack initia-
tion at a sub-superficial defect, as in the case of welded
joints.14 Therefore, when superficial crack-like defects
are not present, the notch effect induced by the as-built
surface is dominating, and it is a limiting factor for the
widespread applicability of WAAM.

With regards to fatigue characterization of WAAMed
components, only a limited number of studies are
available,15–21 and this number is further reduced when
considering the effect of as-built surface notches on the
fatigue strength of WAAMed components. Bartsch et al22

conducted an experimental and numerical investigation
for the determination of the strength of WAAMed com-
ponents characterized by an as-built surface. They pro-
posed to use the effective notch stress concept for
numerically estimating the notch effect for flat specimens
under axial loading. The effective notch stress concept, as
employed in Bartsch et al,22 is based on an effective
radius equal to 0.05 mm considering an S-N curve
identified by FAT630, which is used for plate thickness
less than 5 mm.23,24 In Shamir et al,25 an experimental
comparison between WAAMed components with and

without the surface in the as-built condition is conducted
by testing the specimens in a three-point bending setup.
The authors estimated the effect of the surface waviness
by considering a single wave. They used the resulting the-
oretical stress concentration factor, Kt, to estimate the
notch effect due to the as-built surface, hence without
considering the microstructural support and stress gradi-
ent effects. Alternatively, it was shown that a fracture
mechanics approach gives acceptable predictions when
the surface is as-built. This has been addressed to the pre-
dominance of the crack growth phase over the crack
nucleation phase.

Other studies focusing on the effect of the as-built
surface on the fatigue strength of AM components make
use of more advanced local stress approaches, like in
Huang et al.19 These methods have been referred to as
local approaches and have been developed for assessing
welded joints26 and structural components.27

Using continuum mechanics, the quantification of
the notch effect involves the empirical determination
of the fatigue notch factor, Kf , which is experimentally
determined as the ratio between the endurance limit of
smooth components and notched components. This is
different than done in the literature,11,13 where notch fac-
tors are based on fracture mechanics. The notch factor
should be smaller than the (linear elastic) stress concen-
tration factor,26 Kf <Kt, which implies that the stress
amplitude to be used for fatigue calculation is smaller
than the theoretical stress amplitude at a given stress
ratio, σa,f ,R < σa,t,R. In Hensel et al,18 the fatigue notch fac-
tor, Kf , is estimated between 1.34 and 2.00, for specimens
extracted in the direction perpendicular to the deposition
plane and made of AM80 produced by direct energy
deposition. Values in a similar range, that is between 1.55
and 2.16, have been analytically evaluated by Huang
et al,19 for a WAAMed thin-wall component made of
ER70S-6. However, in all the above-mentioned cases, the
specimens are produced by using a linear printing pat-
tern, which results in a different surface morphology as
compared to a zig-zag printing pattern that is used for
manufacture relatively thick components.

In this paper, the fatigue notch factor due to the as-
built surface is evaluated through an experimental cam-
paign consisting of fatigue tests conducted on specimens
extracted from WAAMed plates made of AISI 308 LSi
stainless steel grade, by considering a load ratio R = 0.1.
The uniaxial cyclic load has been applied normally to the
deposition plane, since this direction is the one resulting
in the highest stress concentration. As compared to other
experimental studies available in the scientific literature,
in this paper (a) a novel design of the specimens is pre-
sented, aiming to preserve the notch effect in as-built
WAAM components, (b) the fatigue notch factor is
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estimated for specimens extracted from relatively thick
plates for which a zig-zag printing pattern has been used,
and (c) a statistical description of the fatigue notch factor
is provided. Furthermore, the research presents an analy-
sis of the fracture surfaces of the broken specimens
through a scanning electron microscope (SEM). Subse-
quently, a numerical evaluation of the fatigue notch fac-
tor is conducted by using a finite element model. The
method proposed in the FKM guideline27 is used to take
into account the effect of the stress gradient and the
microstructural support, thus enabling applicability to
other materials. The proposed framework is applied
to three sets of tests conducted at different load ratios,
that is R = 0.1, 0.5, and with smooth and as-built surface.

2 | MATERIALS AND
EXPERIMENTS

This section describes the experiments conducted on the
AISI 308 LSi stainless steel grade produced by WAAM.
First, the specimen geometry and the experimental setup
used to characterize the static tensile properties of the
material are presented. Then, the staircase tests con-
ducted to estimate the endurance limit of the material
obtained in rotating bending fatigue tests are described.
Finally, the fatigue tests performed to evaluate the notch
effect are presented.

The plates from which the specimens are extracted are
provided by the company MX3D28 and are produced by
using an AISI 308 LSi stainless steel grade drawn wire with
a diameter of 1.2 mm and the settings reported in Table 1,
where the maximum dimensions of the plates are also
reported. The geometry of the plates used for the

production of the axial fatigue specimens is shown in
Figure 1, in which the plane identified by the X and Z axes
is the deposition plane, and the Y axis identifies the build-
ing direction. A total of 52 layers are deposited to manufac-
ture each plate. As indicated in Table 1, the plates are
fabricated by using a zig-zag printing pattern within the
deposition plane, see Figure 1, which is commonly used for
the production of components larger than a single layer.29

The specimens are extracted from the plates first by
waterjet cutting and successively machined to the final
dimension and shape. This is a typical procedure
employed for characterizing the material properties of
WAAM parts.30 This is different than for other AM tech-
niques, for example, laser powder bed fusion, in which
specimens are directly manufactured. For WAAM, this
step is necessary for several reasons: (a) to limit distortion
of relatively small parts, and (b) to study the effect of dif-
ferent printing patterns typical of larger components,
which cannot be reproduced on small-scale specimens.
By using waterjet cutting, the heat input induced by the
extraction procedure is minimized as compared to laser
or saw cutting. The specimens used to characterize
monotonic properties and fatigue strength are extracted

TABLE 1 Printing settings used for the production of the

plates.

Setting Value Unit

Current 109 A

Wire feeding speed 3.7 m/min

Shielding gas 98% Ar + 2% CO2

Layer height 2.3 mm

Arc length 2.0 mm

Welding mode Pulsed

Strategy zig-zag+edge support

Interpass temperature 200 Celsius

Plate Dimension (B � H� T) Unit

Tensile specimens 200 �200 � 20 mm

Axial fatigue specimens 470 �200 � 16 mm

Rotating bending 400 �160 � 17 mm
FIGURE 1 Specimen orientation within a plate and printing

pattern. [Colour figure can be viewed at wileyonlinelibrary.com]
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so that the deposition plane is perpendicular to the longi-
tudinal axis of the specimen, the latter being coincident
with the loading direction. This is shown for the fatigue
specimens in Figure 1. On the basis of previous
observations,22,25 this configuration is the weakest for
two reasons: (1) the highest stress concentration resulting
from the surface waviness, due to its geometrical configu-
ration, and (2) the material behavior observed from
smooth specimens results in lower static and fatigue
strength.20,30

2.1 | Monotonic tensile tests and
hardness

The static tensile tests are executed on cylindrical speci-
mens designed in accordance with the specifications
given in ASTM-E8M.31 The specimens are taken from the
middle section of the plate, first extracted by waterjet cut-
ting, and then entirely machined at the lathe. Therefore,
they are employed to characterize the material, and not
the effect of the as-built surface. The specimens have a
circular cross-section with a diameter of 9.0 mm and
a parallel length of 45.0 mm, and it is shown in Figure 2.
The nominal gage length used to measure the axial strain
is 40 mm. The tests are conducted by using an Instron
5985 universal testing machine having a capacity of
250 kN. The testing machine is equipped with a 250 kN

force transducer and the AVE2 contactless extensometer.
A total of eight tests are conducted at a displacement rate
of 0.6 mm/min.

From the same plates, metallographic samples are
extracted to observe potential differences in the micro-
structure on the planar, longitudinal, and transverse sec-
tions at the center and the end of the plates, see Figure 1.
The same specimens are used for the measurement of
Vickers hardness. This allows for the identification of dif-
ferent microstructures resulting from different thermal
cycles during the printing process, due to different cool-
ing rates of the edges and the central part of the plate
and between layers. For each section, the surfaces are
examined under an optical Leica DMRE microscope,
according to the ASTM-E3 standard.32 The rolling direc-
tion indicated in the ASTM-E3 standard is replaced with
the direction identified by the intersection of the deposi-
tion plane and the front plane of each plate. The samples
are ground and polished, and subsequently subjected to
electrolytic etching by using a compound consisting of
10% aqueous oxalic acid (HO2C�CO2H) and a voltage
of 6V. An immersion time of 30 s is applied.

2.2 | Staircase tests

The staircase method is used to determine the fatigue
strength at 107 cycles. The specimens are sequentially
tested under increasing stresses until failure occurs, oth-
erwise the stress level is decreased. In these tests, the ini-
tial stress level is the expected stress amplitude at the
endurance limit, that is, 260 MPa, and the considered
step range is 10 MPa, that is, 3.8% of the expected value
at the endurance limit. The expected stress amplitude at
the endurance limit is based on the results of rotating
bending tests conducted on the same material.20 The tests
are conducted by using a rotating bending testing
machine model RB35 from Italsigma capable of applying
between 8 and 35 Nm. As for the specimens used in the
static tensile tests, they are taken from the middle
section of the plate, first extracted by waterjet cutting,
and then entirely machined at the lathe. An hourglass
shape has been selected to manufacture the cylindrical
specimens. The critical cross section is characterized by a
diameter of 7.5 mm, and it is machined at the lathe
reaching a surface quality Ra = 1.6 and successively fine-
grounded. The choice of an hourglass shape is driven by
the observation that this material is prone to self-heat-
ing.20 In fact, as compared to specimens with uniform
cross-sections, in hourglass specimens the cross-sections
adjacent to the critical cross-section are characterized by
lower stress amplitudes and stress rates, hence reducing
the effects of self-heating due to the limited volume of

FIGURE 2 Plate used to extract specimens for tensile tests.

[Colour figure can be viewed at wileyonlinelibrary.com]
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material subjected to the highest stress amplitude, and
stress rate. This phenomenon is emphasized by the lower
thermal conductivity of AISI 308 LSi steel grade com-
pared to carbon steel. Moreover, the rotational speed
adopted in the present investigation has been limited to
5000 rpm, which proved to effectively avoid overheating
according to surface temperature measurements per-
formed with a pyrometer, and at the same time led to rea-
sonable testing time. This way, the heat generated during
the test is minimized.

2.3 | Fatigue tests

The tests are conducted in a hydraulic testing bench from
Schenck with a capacity of 400 kN and equipped with
self-centering wedge grips. Two load ratios are considered
for the experiments, that is R = 0.1 and 0.5.

High-cycle fatigue tests are conducted on two series
of specimens and the number of cycles to failure is
reported at complete specimen separation. More
precisely, in one series, the as-built surface has been
preserved, whereas in the second series, the as-built sur-
face has been machined of comparable quality as for the
staircase tests, that is, Ra = 1.6.

Different from other investigations available in the lit-
erature, for example, Bartsch et al,22 which make use of
flat specimens with dog-bone shape, the specimens used
in this work are characterized by an hourglass shape both
in the frontal and the side plane. Therefore, the design
of the specimen is such that failure occurs in the

mid-section of the specimen. The choice of an hourglass
shape in both planes is motivated by the observation that
the surface waviness, on which this study is focused, can
be modeled as a series of periodic notches. This way,
fatigue failure is avoided at the first notch, which is the
first wave adjacent to the grip area. For periodic notches
in uniform plates, the first notch is characterized by a
higher theoretical stress concentration factor Kt than the
other notches.33 Failure at the first notch resulting from
surface waviness is likely to be not relevant for real struc-
tures for two reasons: (a) the geometry is generally more
complex than that of a uniaxial specimen and abrupt geo-
metric discontinuities are usually avoided so that a first
notch does not exist, (b) even if a first notch exists, the
internal force and the associated stress distribution in a
real structure are usually nonuniform such, that the first
notch is not critical. Hence, the hourglass shape ensures
that the ratio between the nominal stress at the grip area
and the nominal stress at the center of the specimen is
larger than the ratio between the theoretical stress con-
centration factor for the first notch and the theoretical
stress concentration factor for the other notches. By tak-
ing advantage of the freedom of virtually manufacturing
any shape, the plates used for the extraction of the fatigue
specimens are produced in an hourglass shape in the YZ
plane, as depicted in Figures 1 and 3A. While extracting
the specimens, an hourglass shape is also made for the
XY plane, as shown in Figure 3B,C. Thus, the specimens
are thicker and wider in correspondence to grip sections,
and thinner and narrower in correspondence with the
test section, allowing the preservation of the as-built

FIGURE 3 Extraction and shape of the as-built specimen used for the fatigue tests. [Colour figure can be viewed at

wileyonlinelibrary.com]
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surface condition in the mid-section. In addition, to avoid
the risk of failure at the end of each of the grip sections,
the hourglass shape also enables the possibility of milling
the clamped ends of the specimen to enhance grip.

The sides of the specimens are also machined and
characterized by a surface roughness Ra = 1.6. Once the
specimens are extracted, the cuspids formed by the inter-
section of the as-built surface with the sides of the speci-
mens are ground with a grinding stone having 800 grit
and a conical shape. The result of this procedure is
shown in Figure 3, where the as-built surface is depicted
in Figure 3C, and the side of the specimen is shown in
Figures 3D,E before and after grinding, respectively. This
has several beneficial effects against the occurrence of
crack initiation at the cuspids formed by the inter-
section of the as-built surface with the sides of the speci-
men. In particular: (1) by rounding the deepest point of
the notches with the tip of the conical grinding stone, the
stress concentration in correspondence with the edges of
the specimens is reduced, (2) the grinding wheel ensures
that the grinding direction is parallel with the loading
direction, thus grinding marks are parallel to the
loading direction and do not significantly induce stress
concentration as compared to transverse marks, (3) the
sharpness of the edge is reduced to a curvature, increas-
ing the confinement of the slip of the grains at this loca-
tion, as suggested in the ASTM E466 standard.34 The
notch effect is obtained by comparing the S-N curves of
smooth and as-built specimens for R = 0.1. The S-N curve
obtained for as-built specimens at R = 0.5 provides a ref-
erence curve for the design of WAAMed components in
the presence of tensile residual stresses. Moreover, ana-
lyzing the test results obtained at R = 0.1 and R = 0.5
allows to explore the applicability of commonly used
mean stress correction rules.

3 | MODELS

This section presents the formulation of a FE model aim-
ing at a numerical determination of the notch effect
resulting from the as-built surface. Therefore, the first
section presents the finite element model developed in
the ANSYS Workbench35 environment, whereas the sec-
ond section presents the framework used for fatigue life
estimation.

3.1 | FE model

The FE model presented in this section is used for the
determination of the stress concentration factor and
stress gradient at the most stressed location due to the

waviness of the as-built surface. The FE model is formu-
lated based on the geometry of the plates used to conduct
the fatigue tests. To do this, the surfaces of the plates are
scanned and used to build the model geometry. The scans
are made with a Wenzel LH65 coordinate measuring
machine equipped with a Nikon L100 3D scanner. The
setup allows reaching measurement error below 50 μm,
and a probing error below 6.5 μm. The scans are con-
ducted in a room at a controlled temperature, where the
temperature of the plates is deemed to be uniform and
constant. For each plate, multiple measurements are con-
ducted by scanning in different directions, as compared
to the weld beads, namely, 0 ∘ ,90 ∘ ,180 ∘ ,270 ∘ , with the
probe oriented with a 45� direction to the plate. This
way, it is possible to correctly digitize the morphological
features of the plates such as weld spatters or deeper
grooves which, due to their geometry, are not possible to
digitize with a single scan from only one direction. Fol-
lowing different scans, the point clouds are combined
into a unique surface in a STL file.

Due to the large amount of points per plate, further
processing of the acquired point cloud is done in Poli-
works36 software to reduce the number of points without
losing the accuracy of the waviness and local features.
The software uses an adaptive strategy in which, as a
result, the points are omitted whenever their omission
does not significantly alter the geometry. Therefore, more
points are left when the curvature radius is smaller.

The scanned surface is imported into ANSYS Work-
bench35 software and a solid geometric model is created
in the CAD environment within ANSYS Workbench
starting from the STL file. More precisely, a plane is iden-
tified by interpolating the points located on the grip areas
of the plate. Then, the surface is extruded up to a plane
located at 8 mm to the aforementioned reference plane,
because the nominal thickness of the plates in correspon-
dence with the grip area is 16 mm. This way, half of the
plate is modeled considering the symmetry plane of
the nominal geometry, which is oriented as a planar
section as indicated in Figure 1. Modeling half plate and
applying symmetry boundary conditions in the nominal
symmetry plane of the FE model is based on the assump-
tion that the uneven waviness of the as-built surfaces
only affects local stress concentration and not the global
stress distribution, that is, excluding notch effect. In other
words, the effect of uneven waviness is assumed to cause
only uneven local stress concentrations and a secondary
bending moment. Finally, the grip sections have been not
modeled, leaving only the hourglass portion of the plate,
which is shown in Figure 4A.

The finite element solution to obtain the fatigue
notch factor due to the as-built surface is obtained by
the submodeling technique. It is used because of the

LEONETTI ET AL. 4377
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large number of mesh nodes required to accurately
model the stress concentration factor for a certain por-
tion of the as-built surface through the whole plate. The
procedure is presented in the next section. Within the
submodeling technique, the nodal displacements result-
ing from the solution of a finite element model of the
entire plate characterized by a relatively coarse mesh,
that is, a global model, are mapped and applied to the
boundaries of the submodel, as shown in Figure 4A.
Since the submodel is characterized by a finer mesh dis-
cretization, this allows to reduce the computational
effort of the analysis.

Both the global model and submodel have been dis-
cretized by using 10-node tetrahedral elements with qua-
dratic displacement functions. The material used is a
linear elastic material with Young's modulus equal to
200 GPa and a Poisson ratio equal to 0.3. The global
model is constrained by using symmetry boundary condi-
tions at the symmetry plane. The load is applied to the
model through a uniform distribution of nodal forces.
The magnitude of the resulting force is such that the
average stress at the nominal net section is unitary.
Hence, a uniform stress of 0.70 MPa is applied in the
remote cross-section. In addition, the surface opposite to
the one where the load is applied is constrained to sup-
press normal displacements.

For the submodel, the boundary conditions are
imported from the global model for all the surfaces except
for the as-built one. Three sizes are considered for the mesh
convergence study, namely, a coarse, intermediate, and
fine mesh, depicted in Figure 4B–D. The different mesh
sizes are generated by assigning an element size to the as-
built surface and selecting a mesh growth rate of 1.2 by
using the MOPT command in ANSYS, meaning that the
size of adjacent elements cannot differ for more than 20%.
This provides a smooth transition of the mesh element size
as a function of the distance from the as-built surface. The
selected element sizes at the surface are 0.1, 0.2, and 0.4 for
the fine, intermediate, and coarse mesh, respectively. The
element size in the submodel is never larger than 2 mm.

The convergence study is conducted on the submodel
located at the center of the plate by comparing the maxi-
mum principal stress and its gradient at the most stressed
location identified by the model with the finest discretiza-
tion. The study revealed that a difference smaller than 5%
results when comparing the output of the intermediate
and the fine mesh, which is considered acceptable. Due
to the variability of the as-built surface, a more severe
condition could exist in another location. To deal with
this, the fine mesh is selected for carrying out the analy-
sis. This way, the variability of the surface waviness is
addressed while choosing the mesh size.

FIGURE 4 Geometry of the plate imported in Ansys and example of the submodel (A) and mesh discretization (B–D). [Colour figure
can be viewed at wileyonlinelibrary.com]
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3.2 | Estimation of fatigue notch factor

The estimation of the fatigue notch factor is performed
considering the results of the submodel. The analysis
starts with the identification of the node on the as-built
surface resulting in the highest stress concentration fac-
tor, considering the maximum principal stress and aver-
aged nodal results. In particular, to avoid unwanted load
introduction effects, the results of the first two rows of
elements from the boundary, that is, any element with a
node on the boundary and any adjacent one to these, are
disregarded.

The fatigue notch factor is calculated considering the
procedure recommended in the FKM guidelines.27 This
procedure involves the estimation of the maximum prin-
cipal stress gradient, Gσ , at the most stressed location,
along the direction perpendicular to that one of the
maximum principal stress. The stress gradient is used to
compute the ratio, nσ , between the theoretical stress con-
centration factor, Kt, and the fatigue notch factor, Kf ,
considering material-dependent parameters. Therefore,
since both Kt and the normalized stress gradient are an
output of the FE model, the fatigue notch factor Kf can
be determined. To accomplish the procedure just out-
lined, a script is developed in ANSYS MAPDL35 environ-
ment, performing the following steps, which is also
visualized in Figure 5, that is,

1. The most stressed location within the submodel is
identified and the maximum principal stress σ1,p
is evaluated at the as-built surface, corresponding to
the node p. This corresponds to the root of the notch
introduced by the surface waviness as shown in
Figure 5.

2. Since σ1,p is tangent to the surface at the notch root,
the stress gradient is evaluated normal to the surface.
To identify this, the elements connected to node p are

considered. Through a search procedure, a triplet of
nodes maximizing the perimeter of the triangle
of which they are the vertices is found among the
nodes of the aforementioned elements. This triplet, as
shown in Figure 5, is used to identify the plane π of
equation aπ � xþbπ � yþ cπ � zþdπ ¼ 0 for which the
normal direction can be calculated, considering the
location of the node p, that is, (xp,yp,zp):

x¼ xpþaπ � t
y¼ ypþbπ � t
z¼ zpþ cπ � t

8><
>: ð1Þ

The numerical approximation of the tangent plane π
is dependent on the mesh size. However, as shown in
Section 3.1, it is checked that the selected mesh size
provides a convergent approximation of the tangent
plane.

3. The determination of the stress gradient requires
the maximum principal stress to be evaluated along
the normal direction at a certain distance from node
p and ensuring that the stress distribution can be
locally approximated by a straight line. Once
this point k�(xk,yk,zk) is found, the distance is
evaluated as

Δs¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxp� xkÞ2þðyp� ykÞ2þðzp� zkÞ2

q
ð2Þ

Starting from an arbitrarily large distance of 5 mm,
the location at which σ1,k is evaluated is identified by
the bisection method in such a way that the procedure
stops when this location is within a linear region of
the stress distribution. The maximum principal stress
at each location is extracted by interpolating nodal
results, thus determining σ1,k.

FIGURE 5 Procedure used to determine the fatigue notch factor according to FKM. [Colour figure can be viewed at

wileyonlinelibrary.com]
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4. The normalized stress gradient of the maximum
principal stress, Gσ , is calculated as

Gσ ¼ 1
Δs

1�σ1,k
σ1,p

� �
ð3Þ

5. Successively, the value of nσ , that is, the ratio between
Kt and Kf for normal stresses, is

nσ ¼
nσ ¼ 1þGσ �10

� aG�0:5þσu
bG

� �
ifGσ ≤ 0:1�1

nσ ¼ 1þ ffiffiffiffiffiffi
Gσ

p �10� aGþσu
bG

� �
if 0:1�1 <Gσ ≤ 1mm�1

nσ ¼ 1þ ffiffiffiffiffiffi
Gσ

4
p �10� aGþσu

bG

� �
if 1�1 <Gσ ≤ 100mm�1

8>>>>>><
>>>>>>:

ð4Þ

in which aG ¼ 0:40 and bG ¼ 2400 are material-
dependent parameters provided in FKM guideline for
stainless steel,27 and σu is the ultimate tensile stress.

6. Calculate the value of Kf as

Kf ¼Kt

nσ
¼ σ1,k
σnom �nσ

ð5Þ

where σnom=1 MPa is the average stress in the nomi-
nal net cross-section.
Finally, the aforementioned procedure makes it

possible to estimate the value of Kf and to perform
fatigue life estimation considering the S-N curve
for smooth specimens. Moreover, by considering
different locations for the submodel along the plate, the
variation of the fatigue notch factor can be evaluated. In
particular, the submodel has the same width as the test
specimen.

3.3 | Estimation of endurance limit

To evaluate the predictive capability of the numerically
determined fatigue notch factor, this is also experimen-
tally determined as the ratio between the fatigue resis-
tance of the smooth specimens and the fatigue resistance
of the as-built specimens. All the experimental data are
corrected considering the fatigue notch factor obtained
experimentally. Hence, by considering both the obtained
value of Kf and a mean stress correction rule, the local
fatigue stress can be calculated for all the test specimens
for a unique stress ratio that for simplicity is set to
R = �1.

The local fatigue stress amplitude and maximum
values are calculated by

σa,f ,R ¼Kf �Δσnom,R

2
ð6Þ

σmax,f ,R ¼Kf �Δσnom,R

1�R
ð7Þ

Note that Kf = 1 is for smooth specimens. Consider-
ing that locally elastic shakedown takes place and assum-
ing an elastic perfectly plastic material, that is, when
σmax,f ,R > σp,0:2 and σa,f ,R < σp,0:2, where σp,0:2 is the 0.2%
proof stress, the effective mean stress can be determined
by assuming that the maximum stress does not exceed
the yield stress:

Ref f ,sh ¼ σp,0:2�ðKf �Δσnom,RÞ
σp,0:2

ð8Þ

meaning that locally, the effective stress ratio could differ
from the stress ratio of the nominal stress. Based on the
aforementioned assumption, the corrected mean stress is
calculated as σ ∗

m,f ,R ¼ σp,0:2�σa,f ,R. By using the Goodman
mean stress correction, the equivalent stress amplitude
for a load ratio R = �1 can be calculated as

σa,f ,R¼�1 ¼ σa,f ,R
σu

σu�σ ∗
m,f ,R

ð9Þ

By calculating σa,f ,R¼�1 for all the experimental data
points, the agreement of the experimental data is evalu-
ated in terms of linear regression. This would validate the
experimental fatigue notch factor and the use of
the Goodman mean stress correction rule to correlate the
considered loading conditions and the effect of the sur-
face as reported in Section 2.3.

4 | RESULTS AND DISCUSSION

4.1 | Experimental results

This section reports and discusses the experimental data
obtained from the tests performed.

Figure 6 depicts the results of the metallographic
investigations made on the samples extracted at the loca-
tion indicated in Figure 1. As presented in the previous
section, the samples are ground and polished, and subse-
quently etched into an electrolytic compound for 30 s.
The heterogeneity in the microstructure allows identify-
ing the weld beads in every surface orientation analyzed,
and it appears to be more pronounced in the planar sec-
tion, that is, Figure 6A,D. The microstructure develops
from coarse grains, with the presence of δ-ferrite both
with lacy and vermicular morphology, to fine columnar

4380 LEONETTI ET AL.
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grains oriented parallel to the building direction, con-
firming the results in Haden et al,37 among others. The
inhomogeneous and layered microstructure is the cause
of the anisotropy of the material, which has been previ-
ously observed in the literature.30 For uniaxial stress cal-
culation conducted in the transverse direction, like in the
present investigation, the material can be assumed as
elastic and isotropic due to material symmetry. The print-
ing strategy reported in Table 1 results in δ-ferrite having
vermicular morphology in the longitudinal section, as
shown in Figure 6B, where columnar grains are evident
in the area with finer grains. The columnar grains are
more evident in the transverse section, Figure 6C, where
the separation of morphology due to the weld line
becomes much sharper than in the longitudinal section,
where a transition zone can be recognized. The samples
extracted from the side of the plate show similar features
as those observed from the samples extracted from the
center of the plate. The material shows no significant
defects, except for some porosity potentially caused by a
lack of cleaning between layers, as delineated for AISI
316L in Queguineur et al.38 Considering the findings in
the literature,37,39 this material could be categorized as a
low-defect material due to the absence of pores having an
area larger than 0.5 μm2.

Table 2 reports the results of static tensile tests
and Vickers Hardness. The average value of Vickers
Hardness across nine measurements made in the
section corresponding to the building plane (166 HV) is
comparable with the value obtained in Singh et al40 for

304L butt welds (170 HV). On the contrary, the average
value of Vickers Hardness ranges between 202 to 211 for
AISI 304 in Haden et al,37 and it depends on the position,
suggesting increasing strength with the building
direction.

Figure 7A compares the resulting engineering stress-
strain curves for the eight tensile tests conducted. The
results agree with those reported in other studies.20,30,41

The corresponding stress rate is calculated for the linear
elastic regime considering the signal acquired by the
force transducer, the measured cross-section area, and
the time stamp resulting from the data acquisition.
Table 2 reports the static tensile properties. The Young
Modulus is measured according to the procedure and the
indications in the ASTM E8M31 and ASTM E307642 stan-
dards. The reason for which the value is significantly
lower than typical ferritic steels has been associated with
the fact that the FCC-cubic crystal structure of stainless
steels is anisotropic and its elastic modulus varies in the
range of 101–297 GPa, depending on the crystal direc-
tion.30 The proportionality limit appears 27% smaller
than the 0.2% proof stress, as shown in Figure 7B. This
limits the applicability of the linear elastic material
model for the examined material to a significantly smal-
ler domain than that identified by the 0.2% proof stress.
The proportionality limit has been identified as the low-
est stress value for which the difference between the
strain predicted by the Hooke law and the engineering
stress-strain curve is, for larger values, always greater
than three times the standard deviation obtained by

FIGURE 6 Optical micrographs for the specimens located at the center of the plate (A–C) and at the side of the plate (D–F).
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considering the stress levels smaller than the considered
value. A sensitivity study conducted on the choice of such
a threshold value revealed that selecting either two or
three times the standard deviation does not lead to an
appreciable difference in the results, being smaller
than 2%.

4.2 | Staircase test

The loading conditions for each test and the correspond-
ing number of loading cycles are listed in Table 3.
In particular, the applied bending moment, M, and
the resulting stress amplitude, σa,f ,R, are reported.
The parameter δ indicates whether a test results in a fail-
ure, δ¼ 1, or nonfailure, δ¼ 0. At the end of the staircase
test, nine specimens failed over thirteen tested

specimens. Therefore, following the procedure outlined
in Section 2.2, the estimation of the endurance limit is
performed by considering the specimens that did not fail,
since these are the least. The mean of the stress ampli-
tude corresponding to the endurance limit with a zero
mean stress, that is, R = �1, is E½σ0,f ,R� = 231 MPa and
the standard deviation is SD½σ0,f ,R� = 10.8 MPa. Assuming
that the base-10 logarithm of the endurance limit is a
random variable following a normal distribution with
mean μX ¼ log10ðE½σ0,f ,R�Þ and scale parameter
sX ¼ SD½σ0,f ,R�=E½σ0,f ,R�, the 95% confidence interval of the
mean is estimated as43

μX � tα,n�1

ffiffiffiffiffi
sX
n

r
; μX þ tα,n�1

ffiffiffiffiffi
sX
n

r� �
ð10Þ

and is reported in Table 3

TABLE 2 Results of static tensile and hardness tests.

Max. Young 0.2% proof Proportional Strain Strain at Vickers
force modulus UTS stress limit at UTS fracture hardness

Specimen Pmax E σu σp,0:2 σp,l εu εf HV1
ID (kN) (MPa) (MPa) (MPa) (MPa) (mm/mm) (mm/mm) (kgf/mm2)

T1 33.51 117419 527 272 185 0.33 0.53

T2 34.02 122224 535 284 195 0.33 0.55

T3 34.03 117402 535 285 198 0.31 0.48

T4 33.88 139342 533 282 218 0.28 0.42

T5 33.59 117696 528 294 221 0.30 0.46

T6 33.90 120539 533 297 219 0.30 0.47

T7 33.58 125113 528 284 201 0.30 0.45

T8 33.87 130675 532 285 239 0.30 0.46

Mean 123801 531 285 210 0.31 0.48 166

st err 2747 1.14 2.68 6.25 0.0058 0.015 0.51

CoV 0.06 0.01 0.03 0.08 0.05 0.09 0.01

FIGURE 7 Engineering stress-strain curves for the examined material. [Colour figure can be viewed at wileyonlinelibrary.com]
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4.3 | Analysis of the fracture surfaces

The fracture surfaces of the fatigue specimens n. 14 and
n. 7 are analyzed, both having as-built surfaces but the
former tested under a load ratio R = 0.1 and relatively
low stress range, that is, 156MPa, and the latter tested
under a load ratio R = 0.5 and higher stress range, that
is, 300MPa. This examination aims to study the effect of
the as-built surface and surface defects such as weld spat-
ters on the failure mechanisms. Figure 8A,B shows two
locations on the fracture surface of specimen n. 14, indi-
cating multiple crack initiation sites at the surface, con-
sistent with the expectation at low applied load. These
initiation sites do not coincide with a weld spatter.
Figure 8A shows a magnification of a weld spatter below
which a beachmark is present at a depth of approxi-
mately equal to 1 mm from the surface. In addition, mul-
tiple ratchet marks are visible, indicating the coalescence
of multiple cracks initiated along the notch root. Below
the beachmark, some internal defects are visible as dark
circular areas. This fractography suggests that these sub-
superficial defects do not trigger crack initiation and that
fatigue failure is induced by cracks initiating at the free
surface of this specimen. Figure 8C shows another crack
initiation location at the free surface appearing like a val-
ley on the fracture surface.

The same can be observed for specimen n. 7 in
Figure 8D, where a deep valley can be seen on the frac-
ture surface of the upper section of the specimen. The
fracture surface of the upper half of specimen n. 7,
which has been tested at a higher load ratio and load
level than specimen n.14, is then inspected. Since speci-
men n. 7 is loaded with a relatively high stress range, a
leading crack is expected to lead to the final fracture of
the specimen. However, as can be seen from Figure 8E,
multiple initiation sites are found from the surface, simi-
lar to the previous specimen. Figure 8E shows the nucle-
ation zone and the first phase of crack propagation. The
morphology of the crack propagation zone is shown in
Figure 8F, which is evident from the “orange peel”
appearance. The appearance of the fracture surface in
the region of the final fracture is shown in Figure 8G.
These images confirm the ductile behavior of this mate-
rial during the different fatigue stages, and also that the
fatigue failure is induced by cracks nucleating at the free
surface.

4.4 | Results of fatigue tests

Table 4 reports the fatigue test results where, for each
specimen, the nominal cross-section area Anom, the
nominal stress range Δσnom,R, the number of cycles
to complete fracture N and the failure indicator δ
are given. Figure 9A shows the experimental results
obtained for a load ratio R = 0.1 for both as-built and
smooth specimens. The Basquin equation is used to
infer the failure data by using the least square method.
Considering x¼ log10ðΔσnom,RÞ as the independent
variable and y¼ log10ðNÞ as the dependent one, the
least square method can be applied to estimate the
parameters a and m of the Basquin equation in a
logarithmic format:

log10ðNÞ¼ aþm � log10ðΔσnom,RÞ ð11Þ

The standard deviation of the base-10 logarithm
fatigue life, sY , is estimated by evaluating the mean of the
residuals squared, that is, ϵ2 ¼ðμ̂Y jx� log10ðNiÞÞ2, thereby
assuming the scatter being independent of the load level,
that is, homoscedasticity. To estimate the residual, μ̂Y jx ¼
log10ðN̂Þ is evaluated by using Equation (11) and consid-
ering the estimators of the model parameters, that is, m̂
and â. Due to the limited number of fatigue test data, the
uncertainty underlying the estimation of the model
parameters is considered by estimating a 100ð1�αÞ%
confidence interval about the mean response μ̂Y jx at the
stress level xi

43:

TABLE 3 Results of the staircase test.

Specimen M σa,f ,R N δ

number (N m) (MPa) (cycles) ˜

RB1 13.1 260 71,850 1

RB2 10.4 250 119,882 1

RB3 9.9 240 10,000,000 0

RB4 10.4 250 199,295 1

RB5 9.9 240 2,273,960 1

RB6 9.5 230 324,830 1

RB7 9.1 220 10,000,000 0

RB8 9.5 230 10,000,000 0

RB9 9.9 240 214,849 1

RB10 9.5 230 156,297 1

RB11 9.1 220 10,000,000 0

RB12 9.5 230 322,730 1

RB13 9.1 220 10,000,000 0

RB14 9.5 230 376,283 1

Endurance Mean 95% CI of mean

limit (MPa) (MPa)

σ0,f ,R 231 [202, 264]

(*)δ = 1 failure; δ=0 no failure
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μ̂Y jx � tα=2,n�2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2Y

1
n
þðxi�E½x�Þ2

Sxx

" #vuut
2
4 ;

μ̂Y jx þ tα=2,n�2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2Y

1
n
þðxi�E½x�Þ2

Sxx

" #vuut
3
5

ð12Þ

in which tα=2,n�2 is the value of the two-sided Student's t
distribution evaluated at α=2, and considering n�2
degrees of freedom, xi is the base-10 logarithm of the
stress range, E½x� is the base-10 logarithm of the nominal
stress range corresponding to the centroid of the dataset,
and Sxx ¼

P
nðx�E½x�Þ2, where n is the number of data

used to fit the Basquin equation. The mean regression
curve and its 95% confidence interval are estimated and
they are shown in Figure 9A. As shown in this figure, the
95% confidence interval of the mean S-N curve increases
depending on the difference between the considered

logarithm of the stress level, xi, and the average of loga-
rithm of the stress level applied to each specimen E½x�.
Table 5 summarizes the linear regression model results
for all the datasets.

Figure 9B shows a comparison between the S-N
curves obtained for the specimens containing the as-built
surface tested at two load ratios, that is R = 0.1 and
R = 0.5. The failure data are inferred by using the Bas-
quin equation, where the estimators and main results are
reported in Table 5. The comparison suggests that the
dependency of the mean stress effect depends on the
applied stress range for the selected geometry. The S-N
curves seem to overlap toward low cycle fatigue, that is,
N approaching 103 cycles, whereas a larger difference is
present at lower stress ranges. This agrees with what
others have observed for metals in general, and it also
agrees with Morrow's mean stress correction rule applied
to the Coffin–Manson–Basquin equation.7

FIGURE 8 SEM pictures of the fracture surface of specimens 14 and 7. [Colour figure can be viewed at wileyonlinelibrary.com]
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By assuming the presence of residual stresses, the
effective stress ratio for linear elastic material Ref f ,el is cal-
culated as

Ref f ,el ¼ σmin,f ,Rþσres
σmax,f ,Rþσres

ð13Þ

where σmin,f ,R and σmax,f ,R are the local fatigue notch
stresses at the notch root at minimum and maximum
applied load, respectively, and σres is the residual stress.
The fatigue notch stress is σa,f ,R ¼Kf �σnom. In the pres-
ence of elastic shakedown, and by assuming an elastic
perfectly plastic material, that is, when σmax,f ,Rþ
σres > σp,0:2 and σa,f ,R < σp,0:2, the effective mean stress can
be determined by assuming that the maximum stress
does not exceed the yield stress, see Equation (8). There-
fore, depending on the relative magnitude of residual
stresses and their potential relaxation, elastic shakedown
takes place at relatively high load levels, determining the
fact that the effective load ratio is independent of the load
ratio of the applied load. By decreasing the stress ranges,
the effective load ratio increases approaching to R, and
tends to unity for the applied stress ranges reaching zero.
However, these cases are not relevant. The 95% confi-
dence intervals of the mean S-N curves obtained for
R = 0.1 and R = 0.5 do not overlap at the endurance

TABLE 4 Fatigue test results.

#
Anom Δσnom,R N

δð ∗ Þ(mm2) (MPa) (cycles)

Smooth specimens - R = 0.1

1 167.5 300 483,948 1

2 168.9 400 90,580 1

3 166.7 320 265,773 1

4 168.0 420 62,798 1

5 168.0 440 51,996 1

6 170.1 460 34,279 1

7 168.4 280 2,000,000 0

8 168.6 360 201,031 1

As-built specimens - R = 0.1

1 172.7 316 10,641 1

2 167.7 285 27,860 1

3 169.7 256 39,328 1

4 166.8 230 85,926 1

5 163.8 207 146,849 1

9 243.2 180 116,195 1

10 239.1 180 215,441 1

11 232.9 160 259,619 1

12 235.5 160 275,082 1

13 232.5 140 2,000,000 0

14 237.8 140 826,037 1

21 236.1 300 21,947 1

22 229.7 250 55,699 1

As-built specimens - R = 0.5

7 177.6 300 7265 1

6 169.3 200 104,486 1

8 166.4 250 50,716 1

15 231.2 250 56,896 1

16 235.9 200 79,993 1

17 235.3 180 172,195 1

18 241.9 180 151,300 1

19 229.1 160 155,774 1

20 31.8 160 102,189 1

23 233.8 120 199,256 1

24 233.8 80 1,485,874 1

25 233.8 120 213,607 1

26 233.8 80 2,000,000 0

(*)δ = 1 failure; δ = 0 no failure

FIGURE 9 S-N curves obtained for smooth and as-built

specimens. Right censored data (runouts) are indicated with a

triangle. [Colour figure can be viewed at wileyonlinelibrary.com]
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limit, that is, at 2 million cycles. This suggests that the
endurance limits obtained for R = 0.1 and R = 0.5 are
not statistically comparable.

As presented in Section 3.2, the fatigue notch factor,
Kf , is defined as the ratio between the nominal stress
ranges for smooth and as-built specimens corresponding
to the endurance limit. By considering the endurance
limit as the stress range corresponding to a fatigue life of
2 million loading cycles, the endurance limit is deter-
mined by using the S-N curves shown in Figure 9A.
Therefore, the endurance limit, Δσ0,nom, is also reported
in Table 5. By considering the mean estimators, the
fatigue notch factor Kf resulting from the experiments is
equal to 2.2. Due to the uncertainty underlying the esti-
mation of the mean regression curve, the estimation of
the mean endurance limit, and hence the fatigue notch
factor, are also subject to uncertainty. The Monte Carlo
method is used to estimate the 95% confidence interval of
the mean estimator of the fatigue notch factor. This pro-
cedure aims to find the value x0 ¼ log10Δσ0,nom that
makes true the following equality:

logð2 �106Þ¼ âþ m̂ �xþ tn�2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ŝ2Y

1
n
þðx0�E½x�Þ2

Sxx

" #vuut
ð14Þ

in which tn�2 is a randomly sampled value of the Stu-
dent's t distribution, with n�2 degrees of freedom. Each
determination is repeated a large number of times (106)
with different values of tn�2 and by considering the S-N
curve parameters resulting from the inference of the test
data produced for as-built and smooth specimens at
R = 0.1. The resulting 95% confidence intervals for the
mean of the endurance limit of as-built and smooth spec-
imens are reported in Table 6. Note that this numerical

approach is needed because the confidence interval esti-
mator of the fatigue resistance for a certain fatigue life
does not have a closed-form solution. The ratio of each
randomly sampled value of the endurance limit for
smooth and as-built specimens is a random determina-
tion of the fatigue notch factor, considering the uncer-
tainty resulting from the test data. As a result of this
procedure, the 95% confidence interval of the mean value
of the fatigue notch factor is reported in Table 6.

4.5 | Numerical prediction of fatigue
notch factor for as-build components

This section presents the fatigue notch factor estimated
by using the FE model and the procedure described in
Sections 3.1 and 3.2. The fatigue notch factor is deter-
mined in 19 locations, each of them corresponding to the
most stressed location in the submodel. The submodels
are extracted as portions of the plate modeled in the
global model, see Figure 4. In particular, the submodel is
extracted along the center of the plane identified along
the building direction. Moreover, since its size might
affect the fatigue notch factor, due to statistical weakest
link effects, the width of the submodel is that of the spec-
imens used for the fatigue tests. Table 6 summarizes the
results of the finite element model. The fatigue notch fac-
tor estimated numerically is on average 0.9 times the one
estimated expectation through the experiments. Hence,
this is within the 95% confidence interval of the mean
fatigue notch factor determined by the experiments.

The fatigue notch factor obtained through the FE
model, together with the S-N curve on smooth speci-
mens, is used to predict the fatigue lives of the as-built
condition. The confrontation of this prediction with the
experimentally obtained data in as-build condition allows
to further evaluate the goodness of the fatigue notch

TABLE 5 Parameters of the S-N

curves for the three considered datasets.Dataset
R n â m̂ ŝY R2 Δσ0,nom
ð�Þ ð�Þ ð�Þ ð�Þ (MPa) ð�Þ (MPa)

As-built 0.1 12 15.36 �4.463 0.129 0.95 107

Smooth 0.1 7 20.24 �5.880 0.062 0.98 235

As-built 0.5 12 11.85 �3.036 0.227 0.83 67

TABLE 6 Notch effect of surface

waviness.As-built Smooth Experiment
FE model

E½Δσ0,nom� E ½Δσ0,nom� Kf Kt Kf nσ

(MPa) (MPa) ð�Þ ð�Þ ð�Þ ð�Þ
235 107 2.2 2.5 2.0 0.8

(218; 248) (95.7; 117) (1.95; 2.49) (2.2; 2.9) (1.8; 2.2)
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factor. The aim is to further evaluate the goodness of the
fatigue notch factor. Hence, by considering both the aver-
age value of Kf and a mean stress correction rule, the
local fatigue stress can be calculated for all the test speci-
mens for a unique stress ratio that, for simplicity, is set to
R = �1. The correction for Kf is applied to all the data
points in virtue of the fact that the S-N curves for as-built
and smooth specimens are parallel to each other, see
Figure 9A.

By calculating σa,f ,R at R = �1 for all the experimen-
tal data points, the agreement with the experimental data
is evaluated in terms of linear regression. The Basquin
equation is fitted to the transformed dataset, that is, con-
sidering x¼ log10ðσa,f ,R¼�1Þ, and y¼ log10ðNÞ, obtained
from the pooling of the three datasets presented in
Section 4.4. The obtained mean regression line is charac-
terized by a coefficient of determination R2 = 0.76 which
is comparable to the lowest one obtained by inferring the
test data presented in Table 5. Figure 10 shows a compar-
ison between the experimental fatigue life and the fatigue
life predicted by the obtained Basquin equation for the
transformed dataset. The dashed lines correspond to a
(�2σ) interval considering σ¼ 0:2, which is a typical
value for the scatter of fatigue test on welded joints and
similar to that one estimated for the tests conducted at
R = 0.5. All experimental data except one are within the
constructed scatter band, thus validating the numerical
fatigue notch factor and the Goodman mean stress cor-
rection rule in combination with elastic shakedown
correction.

5 | CONCLUSIONS

This study focuses on the determination of the fatigue
notch factor due to the surface waviness in WAAMed

AISI 308 LSi stainless steel specimens. Hence, three series
of fatigue tests are carried out on specimens opportunely
designed to induce fatigue failure within the as-built sur-
face. As compared to other studies, the specimens are
characterized by larger thickness, hence produced by a
zig-zag pattern, and not a single layer. For the fatigue
tests, two stress ratios have been considered, namely,
R = 0.1, 0.5. A statistical description of the fatigue notch
factor is inferred by comparing the endurance limit esti-
mated from S-N curves obtained for machined and as-
built specimens. The comparison shows that the fatigue
notch factor, Kf is equal to 2.2. The same plates used for
testing have been scanned by using a high-resolution
laser scanner in order to develop a finite element model
allowing the prediction of the stress concentration result-
ing from the as-built surface. The results of the finite ele-
ment model allow to estimate a stress concentration
factor that on average is equal to Kt = 2.5. By making use
of the results of the finite element model, the fatigue
notch factor is estimated by using the gradient correction
provided in the FKM guideline,27 leading to an average
numerical estimation of the fatigue notch factor Kf = 2.0.
As a result of the study, the predicted value of the fatigue
notch factor is statistically comparable with that experi-
mentally found. Moreover, it has been shown that by
using a local stress approach, it is possible to correlate
fatigue test results carried out under different stress ratios
and surface conditions.

NOMENCLATURE
Kf fatigue notch factor
Kt theoretical stress concentration factor
σ0,f ,R stress amplitude at endurance limit, given R
σmax,f ,R maximum stress for fatigue calculation,

given R
σmin,f ,R minimum stress for fatigue calculation,

given R
σm,f ,R mean stress for fatigue calculation, given R
σ0,nom,R nominal stress amplitude at endurance limit,

given R
σa,f ,R stress amplitude for fatigue, given R
σa,t,R stress amplitude considering theoretical

stress, given R
Δs distance between node p and point k
Gσ stress gradient according to FKM
nσ Kf =Kt ratio according to FKM
σ1,p maximum principal stress at node p
σ1,k maximum principal stress at point k
ðaπ ,bπ ,cπÞ plane director cosines
ðxp,yp,zpÞ coordinates of node p
ðxk,yk,zkÞ coordinates of point k
aG, bG material parameters according to FKM
α confidence level

FIGURE 10 Correlation between experimental and predicted

fatigue life.
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σu ultimate tensile stress
σp,0:2 0.2% proof stress
σnom nominal stress in the cross section
Δσnom,R nominal stress range, given R
R stress ratio
Ref f effective stress ratio
E½�� expectation operator
SD½�� standard deviation operator
μX mean of logarithm of stress amplitude

(range)

X standard deviation of logarithm of stress
amplitude (range)

tα,dof value of Student's t distribution
n Number of test data
M Bending moment
δ Failure indicator
σp,l Limit of proportionality
E Young's modulus
Pmax maximum applied force
εu strain at ultimate tensile stress
εf strain at fracture
HV1 Vickers hardness for 1 kgf
Anom nominal (minimum) area in test specimens
N number of cycles to failure
a,m parameters of Basquin equation
R2 coefficient of determination
ϵ residual in linear regression model
μY jx mean of logarithm of fatigue life given x

Y standard deviation of logarithm of fatigue
life

x Base 10 logarithm of the stress range
(amplitude)

Sxx sum of the squares of the difference between
x and E[x]

σres residual stress
Δσ0,nom,R nominal stress range at the endurance limit,

given R
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